We studied the effects of microapplications of carbachol plus at ropine on cat pial artery diameter in vivo during resting conditions and during stimulation of the cervical sympathetic nerve, The cats were anesthetized with a-chloralose and artificially ventilated. The pial surface was exposed by trepa nation and protected by a 1-2-cm layer of oil. Calibrated applications of solu tions were made by micropipette into the subarachnoid space, while the pial artery diameter was measured by the television image-splitting method. Sym pathetic stimulation during 100 s induced a constrictive response of about 10%, which was constant from 60 to 100 s and which remained so during application of inert mock spinal fluid from 65 to 100 s. Application of 10-5 M carbachol plus 10-7 M atropine (solution A) or 10-4 M carbachol plus 10-6 M atropine (solution
B) did not produce any significant changes in diameter during resting condi tions. During sympathetic stimulation, application of solution A from 65 to 100 s induced a small nonsignificant reduction of the constriction, whereas appli cation of solution B induced a highly significant reduction of the constriction from 9.63 ± 1. 09% at 60 s to 1.20 ± 2.40% at 100 s. These results are discussed in terms of the hypothesis that carbachol may act on the sympathetic fibers on the pial arteries by a nonmuscarinic mechanism to reduce the liberation of the transmitter. Key Words: Cat-Cholinomimetic agents-Inhibition-Micro application technique-Pial arteries-Sympathetic vasoconstriction.
Evidence of the existence of a dense cholinergic innervation of pial arteries has been provided by both histochemical and electron microscopic studies (Lavrentieva et aI. , 1968; Edvinsson et aI. , 1972; Motavkin et aI. , 1975; Denn and Stone, 1976) . According to Edvinsson et aI. (1972) , the choliner gic perivascular fibers run parallel to the sympa thetic fibers, and, besides forming synaptic-type contacts with the arterial smooth muscle fibers, their terminals form close contacts (25 nm) with the terminals of the adrenergic fibers, suggesting the possibility of interaction by axo-axonal synapses. Pharmacological evidence was subsequently ob tained in vitro (Edvinsson et aI. , 1977) , which suggested that the cholinomimetic agents acetyl choline and nicotine could inhibit the release of nor epinephrine by the sympathetic terminals. The in vivo study by Aubineau et aI. (1980) using intraca rotid injection of carbachol apparently confirmed the inhibitory action of cholinomimetic agents on sympathetic cerebral vasoconstriction, and a simi lar in vivo study with acetylcholine by Alborch and Baguena (1980) on the goat was also in apparent agreement with this hypothesis.
The present study was performed in order to check this hypothesis with a model that allows local administration of drugs directly on the pial artery in vivo. In this way we could ascertain that the inhibi tion of the effect of sympathetic stimulation resulted solely from a local effect of the cholinomimetic agent on the pial artery during liberation of norepi nephrine from the perivascular sympathetic termi nals; we could thus exclude the hypothesis that the inhibition observed in previous studies could have resulted from an indirect action of the injected agent, either a metabolic action on the cerebral tis sue or via effects on a central structure.
METHODS AND MATERIALS

Preparation of the animal
The experiments were performed on 16 adult cats of both sexes. The animals were anesthetized with (X chlorolose (40-50 mg/kg i.v.). The trachea, femoral ar tery, and femoral vein were cannulated. The animal was then paralyzed with gallamine triethiodide (10 mg/kg/h) and artificially ventilated. Arterial blood pressure and end-tidal CO2 were monitored continuously. Samples of arterial blood were periodically withdrawn to check the blood gases and pH.
The vago-sympathetic trunk was carefully exposed on one side and the sympathetic nerve separated from the vagus over a length of about 3 cm and sectioned centrally. Bleeding was limited with a microagulator. A pair of O.I-mm diameter platinum electrodes was placed under the nerve and fixed as follows. The insulating silicone sheet (Dow Corning; thickness, 0.005 inches) was sutured to the underlying muscle and the exposed end of the wires (otherwise insulated with fine silicone tubing) wound around the sympathetic nerve. The nerve and electrodes were covered with a two-component silicone glue (Sil Gel 604; Wacker-Chemie) as in the method reported by Schad and Seller (1975) . As soon as the glue had set, the overly ing muscle layer was sutured, as was the incision in the neck, leaving the wires of the stimulating electrodes free.
The animal was placed in a head-holder, dorsal side up, to be prepared for pial artery testing and measurement by the image-splitting technique described by Wahl and Kuschinsky (1979a) . Briefly, after trepanation, the brain and dura were covered with a 1-2-cm thick layer of paraffin oil (Deutsches Arzneibuch-DAB 8) at 37-38°C, the dura then being removed under oil. Diameter mea surement of any given pial artery could be made by means of an image-splitting device mounted on a stereoscopic microscope with visualization on a television screen. Calibrated administrations (5 JLlI40 s) of test solutions were carried out through a sharpened micropipette (8-JLm tip), the tip of which was inserted into the subarachnoid space immediately adjacent to the artery under investiga tion. The solutions contained, other than the drugs under test, 2.5 mM K+, 159.5 mM Na+, 1.5 mM Ca 2 +, 150.5 mM Cl-, and 14.6 mM H C03 -, and were gassed with 5% CO2:95% N2 (equilibrated with water), giving a pH of 7.25 at 38°C and an osmolarity of 308 mOsmol. In vitro degra dation of carbachol was prevented by the continuous gas sing of the solution (Kuschinsky et aI., 1974) . The values 1982 of the pH and the K + correspond to previous measure ments made on the cerebrospinal fluid of the sub arachnoid space under the same conditions with mi croelectrodes (Kuschinsky and Wahl, 1979; Wahl and Kuschinsky, 1979b) .
Stimulation of the cervical sympathetic nerve
Rectangular wave pulses were applied to the distal end of the sectioned sympathetic nerve using a W.P.I. anapulse stimulator 301-T with model 305 R stimulus iso lation unit. The parameters of the constant current pulses were, in nearly all cases, 15 Hz, 2 ms, and 0.1-0.4 m�. Exceptionally, a frequency of 10 or 20 Hz was used WIth no apparent difference in the response pattern. The volt age was in the range 2-6 V, as recorded with an oscillo scope.
The pupil response was monitored visually at the same time as the vascular diameter measurement was made. In about three-quarters of the observations, the pupil dilata tion was between 50 and 100%. and in the remaining cases, it ranged from 0 to 50%. The significant number of small pupil reactions observed did not correspond to a lower degree of pial artery constriction.
Protocol
The protocol was as follows. After recording the diam eter of a given artery for a few minutes, then testing its reactivity with high and low bicarbonate solutions (Kus chinsky et aI., 1972), the sympathetic nerve was stimu lated for 100 s. During the stimulation, either no adminis tration was made, or an administration of either the con trol solution alone or a solution containing carbachol and atropine at either one of two concentrations was made. Following the stimulation, tests were made on the same artery for the action of carbachol alone and for carbachol together with atropine at the same concentration as those used during stimulation. The diameter of the pial arteries tested ranged from 152.5 to 271 JLm, with a mean ± SD of 212.55 ± 34.74 JLm (n = 37).
Drugs
Pure salt solutions of carbachol (carbamyl choline chloride; Merck) and atropine (atropine methyl nitrate; Merck) were made up in the physiological solution de tailed above.
Statistical analysis
The statistical analysis was performed using the un paired t test and analysis of variance combined with the Scheffe test.
RESULTS AND DISCUSSION
Mean values (± SD) of the blood gases and pH during the tests were as follows: pH = 7. 37 ± 0. 01 (n = 16); Pa02 = 132. 35 ± 4. 97 mm Hg (n = 16); Paco2 = 30.40 ± 2. 32 mm Hg (n = 15); and end-tidal CO2 = 4. 22 ± 0. 16% (n = 37). Arterial blood pressure was in the range 120-160 mm Hg and was stable for any given cat. tion alone on pial artery diameter. It confirms the previous findings of Kuschinsky and Wahl (1975) , indicating a stable constriction under these experi mental conditions from 40 s onward, since the mean diameters at 40, 60, 80, and 100 s are significantly different from that at 0 s (p < 0. 01), but not signifi-cantly different from each other (tested by analysis of variance). Usually only slight changes in mean arterial blood pressure were recorded during stimulation, the mean increase in blood pressure ± SEM in all stimulation experiments being 2.68 ± 0. 94 mm Hg (n = 36). Maximal changes of up to ± 10 mm Hg were considered tolerable, since a previous study under the same conditions showed only a 2.4% change in diameter for a change in blood pres sure from 120 to 130 mm Hg (Wahl and Kuschinsky, 1979b) .
When the control solution was administered to the artery during resting conditions, only small changes in diameter were noted, the mean ± SEM for 31 arteries being a dilatation of 1. 07 ± 0.50%. Administration of the same solution from 65 to 100 s after the beginning of stimulation also induced only small effects; when the effect of this control solu tion on the resting artery was deducted from the effect found during stimulation, it could be seen that the administration itself had no effect on the sympathetic-mediated constriction, as shown in Fig. 1 (bottom) . One can conclude, therefore, that the transmitter was not significantly washed out by the application of the inert solvent.
In a previous study made under the same condi tions, carbachol was found to have a direct effect on the smooth muscle of pial arteries, mediated via muscarinic receptors (Kuschinsky et aI., 1974) . However, since previous reports on the prejunc tional receptors on the sympathetic nerves suggested they are not muscarinic (Edvinsson et aI., 1977; Aubineau et aI., 1980) , we sought to activate them selectively by adding enough atropine to the carbachol to block the direct action of carbachol on the vascular smooth muscle. Our first objective, therefore, was to find suitable concentrations of at ropine to completely antagonize this direct mus carinic effect of carbachol. Since the previous work (Kuschinsky et aI., 1974) had shown that a combi nation of 10-5 M carbachol with 10-7 M atropine had negligible effects on the pial artery diameters, we retested this combination and a new combination, 10-4 M carbachol plus 10-6 M atropine under resting conditions. Figure 2 illustrates the results of these tests. As previously found, 10-5 M and 10-4 M car bachol alone induced similar dilatations, whereas in the presence of atropine at 10-7 M and 10-6 M, re spectively, these concentrations of carbachol in duced negligible dilatations, the differences being highly significant (p < 0. 01, unpaired t test).
These two combinations of carbachol and atropine were therefore used to test for an inhibitory action of carbachol on the pial artery constriction induced by sympathetic stimulation. Again, local administration of the test solution was made from 65 to 100 s after the beginning of the stimulation. Fig  ure 3 shows the results of these applications after correction for the very slight effects of the two sub stances observed in resting conditions (see Fig. 2 ). Administration of 10-5 M carbachol plus 10-7 M at ropine (Fig. 3, top) showed only a slight tendency to reduce the vasoconstriction at 80 s and 100 s, but the differences with respect to the 60-s value are not significant, as shown by analysis of variance. In contrast (Fig. 3, bottom) , although there was some variation in the individual pattern of response to the application of 10-4 M carbachol plus 10-6 M at ropine during stimulation, there was a significant reduction in the mean vasoconstriction at 80 and 100 s, compared to the 60-s value (p < 0. 01, analysis of variance).
Since, as Fig. 1 shows, application of the solvent alone did not modify the steady state during stimu lation, we conclude that carbachol inhibited the pial artery constriction induced by sympathetic stimu lation. The facts that the solutions are administered into the subarachnoid space immediately sur rounding the artery under test and that a constant flow of the solution around the artery is established during the 40 s demonstrate that only mechanisms within the artery wall are involved, and that the inhibition is not secondary to any action on the brain (metabolism, central activation).
The findings may be explained most simply if we assume that carbachol acts on the perivascular sympathetic terminals by a nonmuscarinic mecha nism, thereby reducing the liberation of the trans mitter norepinephrine. That the receptors involved are not muscarinic is indicated by the following points. First, we have demonstrated that the mus carinic action of carbachol at 10-5 M or 10-4 M was effectively blocked by the concentration of atropine present (10-7 M or 10-6 M). It seems reasonable to assume that prejunctional muscarinic receptors, if present, are similar to post junctional muscarinic re ceptors, as has been described by Muscholl (1980) for the rabbit heart. Second, the study by Edvinsson et al. (1977) on isolated cat pial arteries showed that, after preincubation with tritiated norepinephrine, the amount of radioactivity released during field stimu lation of the perivascular sympathetic nerves was reduced in the presence of nicotine or acetyl choline-this reduction being antagonized by addition of hexamethonium but not by addition of atropine. However, it should be pointed out that the radioactivity released during stimulation probably consisted not only of noradrenaline but also of its metabolites, as has been demonstrated by Endo et al. (1977) , and that substances containing tritium may also be released from non-neuronal sites during stimulation (Schrold and Nedergaard, 1977) even in the presence of normetanephrine and deoxycor ticosterone (DuckIes, 1980) . It is therefore not clear exactly how large a reduction of norepinephrine efflux was induced by nicotine (3 x 1O-� M) or acetyl choline (3 x 10-8 M). This may afford at least a partial explanation of why, in three tests we made with nicotine (10-6 M), we did not find any net tendency toward a reduction of the vasoconstriction induced by sympathetic stimulation. We did not pursue tests with higher concentrations of nicotine, since Wahl and Kuschinsky (1977) had previously shown they have dilatory effects on pial arteries. It is also dif ficult to make a direct comparison with the concen trations of carbachol used in the in vivo study by Aubineau et al. (1980) ; in their experiments in the rabbit, the carbachol was injected unilaterally into the common carotid artery, without ligation of the external branch, so that the effective molar con centration within the pial arteries (and not around them) is difficult to estimate. Furthermore, the vari able measured, blood flow in the caudate nucleus, may well have been affected by an action on the afferent portion of the cerebrovascular system (the internal carotid artery) and the intraparenchymal arteries, in addition to the pial arteries.
The findings in the present work, in agreement with the findings of Edvinsson et al. (1977) and Au bineau et al. (1980) , are consistent with the hypoth esis that the cholinomimetic agent carbachol can inhibit the release of norepinephrine from the sym pathetic nerve fibers on pial arteries, and that this action may occur by activation of prejunctional nicotinic receptors. We cannot exclude in our work that carbachol or atropine had an action on the post junctional adrenergic receptors, but this possi bility was tested by Aubineau et al. (1980) and was found not to be true under their experimental con ditions. These findings lend support to the concept of an interaction between the cholinergic nerves and the adjacent sympathetic nerves on cerebral ar teries. However, considering that only high con centrations of carbachol and atropine were effec tive, it remains an open question whether the results are in favor of a physiologically or a pharmacologi cally relevant mechanism. This kind of inhibition differs from that reported on by Muscholl (1980) , in which, for many organs, the receptor involved ap pears to be muscarinic.
